Isolated rat hepatocyte couplets (IRHC) 
Introduction
Hepatocytes are polarized cells that form bile by secreting solutes and water across an apical membrane into small canalicular spaces that exist between adjacent hepatocytes. This primary secretion may be further modified by reabsorption or secretion by the bile ductular epithelium at distal sites.
Although significant progress has been achieved in understanding the mechanisms of canalicular bile secretion (1) (2) (3) (4) (5) , knowledge is still incomplete, in part because the small size (1-2 um) and inaccessibility of the bile canaliculus in the intact liver precludes direct quantitative measurements of the primary secretion. Most studies of canalicular bile secretion have relied, therefore, on indirect methods including isolated perfused liver systems, where bile is sampled from biliary cannulas at distal sites after contact with and possible modification by bile ductules and ducts. Isolated membrane subfractions obtained from specific hepatocyte membrane domains have also been useful in localizing membrane transport systems and determining solute driving forces (6) (7) (8) . However, liver cells are disrupted in this in vitro system and the findings may not always mirror the physiology in vivo. Thus, uncertainties still exist about the mechanisms ofprimary canalicular secretory processes, as summarized in several reviews (3) (4) (5) . This report describes a new way to directly quantitate canalicular secretory events in a cell culture system. Isolated rat hepatocyte couplets (IRHC)1 permit assessment of canalicular secretory events in an isolated cell culture system that eliminates confounding effects of blood flow, hormonal influences, or transport events in the bile duct system (9, 10) . IRHC consist of two nondissociated hepatocytes enclosing a sealed canalicular space. When the couplets are placed in short-term culture, secretion accumulates within the space resulting in progressive expansion followed by spontaneous collapse or contractions, as originally observed by Oshio and Phillips ( 11) .
Several studies have demonstrated that IRHC display many characteristics of a functionally intact primary unit of canalicular bile formation (9, (11) (12) (13) (14) . Studies of the structural characteristics of the IRHC (10, 15, 16) indicate that freshly isolated hepatocyte pairs reorganize their apical membranes to the retained canalicular pole that is demarcated by tight junction complexes between the two hepatocytes. Thus, the IRHC retains its structural secretory polarity. A detailed electrophysiologic analysis of this primary canalicular secretory unit has recently been completed (12) .
In the present report we describe a method to quantitate the volume of the canalicular space by microscopic optical planimetry using differential interference contrast (DIC) video-microscopy (17) (18) (19) . By determining the change in volume of the canalicular space in response to choleretic stimuli, we have quantitated rates of canalicular bile formation in this isolated hepatocyte couplet system (20) . In addition, we have compared the canalicular choleretic effects of the bile salts, sodium taurocholate and ursodeoxycholate.
Ursodeoxycholate in high concentrations has been reported to produce a unique hypercholeresis of bicarbonateenriched bile where bile flow is significantly greater than that accounted for by the biliary bile acid output (21, 22) , and choleresis correlates both with biliary HCO-concentration and output and the amount of unconjugated ursodeoxycholate in bile. Both hypercholeresis and HCO-output are blocked by the Na'-H + inhibitor, amiloride, and its more potent and presumably more specific analogues (22, 23) . The mechanisms and sites of action of ursodeoxycholate remain undetermined but may include: (a) stimulation of bile formation at the level of the hepatocyte (24) by stimulation of the basolateral Na+/H+ exchanger (25) leading to passive or active transport of HCO-into the canalicular space; (b) primary stimulation of other unknown ion pumps by large intracellular accumulations of unconjugated bile acid; (c) cholehepatic shunting, where the unconjugated bile acid is excreted into bile at the canalicular level but is protonated and partly reabsorbed passively distally in the biliary tree, thereby recycling across the canalicular membrane to affect an apparent hypercholeresis relative to the total amount of bile acid finally excreted in bile (26) ; and (d) stimulation of ion transporters distally at the level of the bile ductules or ducts.
In this study we determine whether ursodeoxycholate in various concentrations produces a hypercholeretic effect in isolated hepatocyte couplets compared with similar concentrations of taurocholate.
Methods
Isolation ofhepatocyte couplets. IRHC were prepared in the Hepatocyte Isolation Core laboratory of the Liver Center from fed, male Sprague-Dawley rats (180-250 g; Camm Research Lab Animals, Wayne, NJ) as previously described (9, 27) by a modification of the nonrecirculating collagenase perfusion method of Seglen. New modifications were the inclusion of 0.8 U of trypsin inhibitor (Sigma Chemical Co., St. Louis, MO)/U of tryptic activity in the collagenase and 1 mg of the clostripan inhibitor, N-tosyl L-lysyl chloromethane hydrochloride, in the collagenase buffer to minimize nonspecific proteolytic activity of these contaminants. The resulting cell preparations containing 0.8-2.2 X 107 hepatocytes/g of liver were > 95% hepatocytes, and 91.7±2.9% of the usable preparations excluded trypan blue (n = 231 isolations) and were relatively enriched in hepatocyte couplets (31.6±8.6% of cells were IRHC in 138 consecutive isolations). Prepa specifications), multiple optical sections are obtained 1 /Am apart through the depth of the canaliculus. A computer-generated three-dimensional projection is shown on the right. Each section is quantitated for cross-sectional area and perimeter using an image analyzer. The sum of measured cross-sectional areas X 1 ,um = canalicular volume; the sum of measured perimeters X 1 ,um = canalicular surface area.
ated by a video-plan II image analyzer (Carl Zeiss, Inc., Thornwood, NY). The extremely shallow depth of focus of Nomarski optics permits spacing the steps 0.5-1 Mum apart so that each optical plane is true without bleeding of images of optical planes above and below into the plane of focus. At each step the perimeter and the cross-sectional surface area of the canalicular space were quantitated. The sum of the measured cross-sectional areas X displacement (1 Mm in this case) = canalicular volume (in femtoliters), and the sum of the measured perimeters X 1 Mm = canalicular surface area (in square micrometers).
In preliminary studies a comparison of canalicular area and volume measurements was made using 0. Optical planimetry was carried out in the following manner. IRHC were cultured for -4 h in L-15 medium at 370C on 5 X 5-mm glass coverslip fragments, which were then transferred for observation into a 1.2-mm-thick flow-through lucite chamber in which perfusing buffer was kept at 37±0.1 'C by a feedback-controlled heating device. A "lung" of gas-permeable tubing was used to aerate the buffer with 100% 02 or 95% 02/5% C02. The perfusion chamber was placed on the stage of an inverted microscope (IM35; Carl Zeiss, Inc.) and couplets were studied temporally with DIC optics at a magnification of 4,660 using a 63X oil objective (Plan Neoflaur with a numerical aperture of 1.25; Carl Zeiss, Inc.) with matching DIC Wollaston prisms and an aplanatic-achromatic condenser with a 1.4 pol front (oil immersion) lens. The iris diaphragm could be opened fully with video-microscopy for the highest resolution. Contrast was adjusted by selecting the appropriate black level for the video camera circuit using a gain and black control device. Using this optical system a lateral resolution of 0.3 Em and vertical resolution of 0. 35 Mm was realized throughout.
The lens combination used to achieve this resolution limits the condenser-objective lens working distance to -1 mm. Chambers of lucite, with a bottom composed of a 100-,Mm-thick coverslip, were used with a similar coverslip used on top of the chamber to which the oil immersion condenser was applied. A thin flow-through chamber was thus established in which buffer exchanges occurred within 10 s at a flow rate of 1 ml/min. Koehler illumination was set daily. Corrections for the differences in the refractive indices of the immersion oil, glass coverslip fragments, and cells were made by calibrating the image-analysis system with a stage micrometer kept in the plane of the examined cells.
The couplets being studied could then be either photographed directly or imaged at high resolution using a video camera (67; Dage-MTI Inc., Wabash, MI). Images were stored on a 9240XD Panasonic high resolution 3/4" video cassette recorder (480 X 480 line resolution). Analyses could subsequently be performed on the stored data by tracing the canalicular perimeter at each step with a cursor directly from the video overlay using a digitizing tablet and a videoplan II image analyzer (Carl Zeiss, Inc. (29) as used by Kitani and Kanai (24) .
Couplets isolated from f3-alanine-treated rats were further maintained in culture media supplemented with f3-alanine (0.1 mg/ 3 ml medium) for 3-6 h before study. This treatment to deplete IRHC of taurine was designed to minimize taurine conjugation of ursodeoxycholate to tauroursodeoxycholate which is not hypercholeretic in rats. Taurinedepleted rats demonstrate an earlier and more vigorous hypercholeresis in response to ursodeoxycholic acid administration (24) , presumably since taurine conjugation is minimized from the beginning of the experiment rather than resulting from a progressive depletion of endogenous taurine stores in the normal liver after prolonged exposure to large doses of ursodeoxycholic acid.
Electron microscopic morphometry of the canalicular membrane. The canalicular membranes in IRHC are lined by normal-appearing (0. 1-0.2-,um-thick) microvilli immediately after isolation and after 4-8 h in culture. Morphometric studies were carried out on thin-section electron micrographs of isolated couplets in culture to (a) phology, and the other, cholestatic, group defined by thickening of the pericanalicular ectoplasm and loss of microvilli on the canalicular membrane, an appearance consistent with the characteristic ultrastructural morphology of cholestasis (10). The actual area of the canalicular space after 4 h in culture measured from the electron micrographs in analysis (A) was 95-97% of the cross-sectional area measured when the microvilli were excluded in analysis (B). This latter measurement corresponded to the optical planimetry method. Since volume was calculated from the sum of all cross-sectional areas through the depth of the canalicular vacuole, the optical planimetry volume measurements should closely approximate the actual volume (0.95:1) since there was an error of overestimation of only 3-5% based on the electron micrograph studies. Furthermore, the error remained relatively constant when canalicular spaces of various diameters from 1 to 4 ,um were examined. Thus, the canalicular microvilli did not introduce a significant error in volume measurements as calculated by optical planimetry. We next studied the basal secretion rate as calculated from the rate of canalicular volume change and compared this with the effect of superfusion of 10 zM taurocholate (Fig. 4) . Sev Pooled data from a number of experiments is given in Table II . Basal bile flow rates averaged 3.8±1.3 fl/min in the couplet system in unmodified L-15 medium. L-15 medium is a defined medium containing amino acids and nutrients but is nominally HCO3-free and contains no specific growth factors. Taurocholate and ursodeoxycholate in 10-MM concentrations both stimulated initial flow rate significantly and to comparable levels. Total volume also increased to comparable levels before leakiness or contractions occurred. The expansion cycle averaged 12±5 min after taurocholate administration and 18±9 min after ursodeoxycholate, and correlated inversely with the canalicular volume at the point of stimulation with the bile acid (r = 0.54, P < 0.01; Fig. 7 ). Significant variability was noted in the initial flow rate in each treatment group despite the same stimulating dose of bile acid (10 MM). This variation in secretory rates correlated linearly with the initial canalicular membrane surface area as illustrated in Fig. 8, sug gesting that fluid flow in the couplet system is a function of the canalicular surface area and is presumably related to either the number ofbile acid transporters on the canalicular membrane, its total hydraulic conductivity, or both. Similar correlations between flow rate and canalicular surface area were seen after ursodeoxycholic acid-induced secretion. Fig. 9 shows the effect of various concentrations of ursotaurocholate on the bile flow rate in IRHC perfused with a KRB. The basal flow rate (7.6±2.1 fl/min representing a 3.85±1.4% increase in canalicular vol/min, n = 19) was significantly higher ( -twofold) than the basal flow rate in the L-1 5 medium (see Table II Video-microscopy also provides major advantages over visualization by the human eye or by cine photomicrography. A video imaging device reacts linearly to light intensity and thus can distinguish a larger number of gray scales in an image compared with the human eye which reacts logarithmically to light intensity and also accommodates automatically (32) . It is possible to increase the numerical aperture of the condenser lens close to that of the objective lens, thereby increasing resolution while contrast in images is enhanced by adjusting the black level. Finally, data storage and quantitative analyses are easier to process compared with data on photographic film.
At the level of resolution ofthe light microscope, microvilli lining the canalicular membrane can not be distinguished. However, these structures (0.1-0.2 Mm diameter) account for a minor and relatively constant percentage of the total volume of the canaliculus and this percentage remains virtually constant as canalicular space size increases with time in culture. Thus, the space occupied by the microvilli represents an insignificant error in the volume measurements of the canaliculus.
As the canalicular space expands over 4 h in culture after plating, the total surface area of apical membranes increases without significant loss or flattening of microvilli. Therefore, the volume increase during this time cannot be explained by simple stretching of the membrane but must occur because of addition of new canalicular membrane with preservation of relatively normal microvillar architecture as the couplet reorganizes its remaining apical domain. The accrual ofadditional canalicular membrane presumably occurs incrementally with time over 4-8 h in culture over repeated expansion/collapse cycles. Previous studies from our laboratory suggest that this membrane reorganization process may depend on intact microfilament function since cytochalasin D prevents relocation ofcanalicular remnant Mg "ATPase to the remaining canalicular domain between the two hepatocytes (10). This IRHC model should, therefore, be of interest in studies of membrane domain targeting and reorganization.
Canalicular volume increases slowly (3.8±1.3 fl/min) in the basal L-15 medium and presumably represents the rate of nonbile acid-dependent canalicular bile formation in the isolated hepatocyte couplets in the absence of bile acids, serum, hormones, bicarbonate, and growth factors. The measured value represents 10-15% of the total basal rate of secretion (both bile acid-dependent and independent) calculated for two hepatocytes in the intact, bile duct-cannulated rat with a 10-g liver containing 1 X 101 hepatocytes and 20-35% ofthe rate of basal secretion in the isolated perfused rat liver system (10-g liver, bile flow rate 1 ,ul/min per g liver wt without bile acid perfusion). Furthermore, when the perfusion medium contained bicarbonate, the basal rate of secretion increased by a factor of -2 representing 40-70% of the basal secretory rate. However, additional systematic studies comparing bicarbonate-containing or bicarbonate-free perfusion media are needed to further study the role ofbicarbonate in basal canalicular bile formation.
Secretion in the couplet system occurs into a closed space that is separated from the perfusion medium by tight junctional structures that display selective permeability and electrical resistances consistent with conductances across a leaky epithelium (12) . Thus, hydrostatic pressure presumably builds up within the lumen as the space distends and the canalicular membrane is stretched in a cycle of expansion and after addition of choleretic bile acids. This pressure may also result in lower basal secretory rate observed. To minimize the effects of hydrostatic forces on bile acid-stimulated secretion, initial flow rates were used in these studies to compare the choleretic effects of sodium taurocholate and ursodeoxycholate.
Additions The initial rate of expansion after bile acid stimulation was quite variable and this may limit rapid detection of agents that are weakly choleretic at the canalicular level. While some of the variability in secretory rates might result from differences in the zonal origin of the couplets (centrizonal or periportal), the initial flow rates correlated well with the surface area of the canaliculus at the time of addition of the bile acids, suggesting that the rate ofcanalicular fluid secretion is either a function of the number of transport carriers on the canalicular membrane or a larger net hydraulic conductivity for H20. Since it is likely that during acute bile acid choleresis the relatively rapid expansion of the canalicular space is the result of canalicular stretching rather than significant addition of new membrane, another physical factor that could account for this phenomenon is described by Laplace's law, which predicts that less force (secretion pressure) is required to overcome the wall tension in the larger canalicular spaces. However, Laplace's law would apply more closely when the canalicular space is maximally distended immediately before the time when the space contracts or collapses rather than during the earliest phase of expansion, i.e., when the initial flow rate is calculated.
In the present study the duration of the expansion time, i.e., from the point of stimulation with the bile acid to the onset of collapse, was also variable but was inversely related to the degree of "filling" of the canalicular space at the point of stimulation with the choleretic agent. Thus, canalicular spaces that were expanded relative to their surface area (initial canalicular volume/canalicular surface area ratio > 1) contracted or collapsed sooner than those in which volume was relatively less compared with their surface area. This inverse relationship between the degree of expansion and time of collapse strongly suggests that the collapse/contraction phenomenon is not spontaneous but is a functioi. of the filling pressure and distension of this closed canalicular space.
When (34, 35) . The frequency of collapse/contraction episodes in our study was much slower than the 3-5-min frequency reported previously by Phillips and co-workers (36) . This difference may be accounted for in part by a lower basal secretion rate in the unmodified and unenriched L-15 medium. However, the phase-contrast optics imaging system, as used by these authors in a single plane of focus at the largest diameter, may, during time-lapse cine-micro-photography, register a modulation of canalicular shape as a partial contraction and thereby record a higher rate of contractions (37) . A major finding in these studies is the absence of hypercholeresis after exposure of IRHC to various concentrations of ursodeoxycholate (10, 100, or 200 ,M) compared with taurocholic acid, suggesting that the ursodeoxycholate-induced hypercholeresis observed in the intact liver does not occur by a direct acute effect of this bile acid on an individual hepatocyte secretory unit. This conclusion is strengthened by the absence of hypercholeresis in isolated couplets that were depleted of taurine. This protocol minimizes taurine conjugation of ursodeoxycholate to tauroursodeoxycholate which is not hypercholeretic and might otherwise mask an acute hypercholeretic effect. Hypercholeresis was absent in couplets perfused with either KRB or a bicarbonate-containing nutrient medium, MEM. Preliminary experiments in collaboration with Dr. A. Hoffman (University of California, San Diego) revealed that norursodeoxycholate, a C-23 bile acid that is not significantly amidated and is excreted largely unconjugated into bile (26) , was also not hypercholeretic in this IRHC system.
It is possible that an ursodeoxycholic acid-induced hypercholeresis is masked in the IRHC model due to increased tight junctional permeability to putative osmotically active inorganic ionic species that might be secreted in response to this bile acid. However, preliminary studies demonstrate that cAMP analogues and forskolin, a direct activator of endogenous adenylate cyclase, which induce secretion in a variety of epithelia primarily by stimulating electrolyte secretion, also stimulate canalicular bile flow in IRHC (38, 39).
Thus, ursodeoxycholate-induced hypersecretion in the intact animal could either be based on repeated cycling of the bile acid across the canalicular membrane (the cholehepatic shunt pathway, 25) or result from a primary action of the bile acid at sites distal to the bile canaliculus.
Another interesting observation is the lack of difference in choleretic response between 10-, 100-, or 200-,gM concentrations of ursodeoxycholate in contrast to significant differences in bile secretion induced by 10-and I00-,uM taurocholate. The initial flow rates measured in these studies reflect the osmotic effects of bile acids secreted into the canalicular lumen. These observations suggest that saturation of the bile acid transport mechanisms occurs at lower intracellular concentrations of ursodeoxycholic acid than taurocholic acid in this primary secretory unit. Since ursodeoxycholic acid produces a dosedependent increase in bile flow in vivo, recruitment of additional secretory units within the hepatic lobule may occur rather than increased secretion at the level of each secretory unit. If this hypothesis is true, relatively more secretory units should be recruited within the hepatic lobule by ursodeoxycholate compared with equivalent doses of taurocholate.
